Ashikaga, Hiroshi, Jeffrey H. Omens, and James W. Covell. Time-dependent remodeling of transmural architecture underlying abnormal ventricular geometry in chronic volume overload heart failure. Am J Physiol Heart Circ Physiol 287: H1994 -H2002, 2004. First published July 8, 2004 doi:10.1152/ajpheart.00326.2004.-To test the hypothesis that the abnormal ventricular geometry in failing hearts may be accounted for by regionally selective remodeling of myocardial laminae or sheets, we investigated remodeling of the transmural architecture in chronic volume overload induced by an aortocaval shunt. We determined three-dimensional finite deformation at apical and basal sites in left ventricular anterior wall of six dogs with the use of biplane cineradiography of implanted markers. Myocardial strains at end diastole were measured at a failing state referred to control to describe remodeling of myofibers and sheet structures over time. After 9 Ϯ 2 wk (means Ϯ SE) of volume overload, the myocardial volume within the marker sets increased by Ͼ20%. At 2 wk, the basal site had myofiber elongation (0.099 Ϯ 0.030; P Ͻ 0.05), whereas the apical site did not [P ϭ not significant (NS)]. Sheet shear at the basal site increased progressively toward the final study (0.040 Ϯ 0.003 at 2 wk and 0.054 Ϯ 0.021 at final; both P Ͻ 0.05), which contributed to a significant increase in wall thickness at the final study (0.181 Ϯ 0.047; P Ͻ 0.05), whereas the apical site did not (P ϭ NS). We conclude that the remodeling of the transmural architecture is regionally heterogeneous in chronic volume overload. The early differences in fiber elongation seem most likely due to a regional gradient in diastolic wall stress, whereas the late differences in wall thickness are most likely related to regional differences in the laminar architecture of the wall. These results suggest that the temporal progression of ventricular remodeling may be anatomically designed at the level of regional laminar architecture.
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Chronic volume overload is one of the leading causes of ventricular remodeling and heart failure among patients with valvular regurgitation, congenital heart disease, and arteriovenous shunt. One of the most extensively studied experimental models of chronic volume overload is induced by creating an aortocaval shunt, which is associated with marked fluid retention, circulatory congestion (28), progressive LV dilatation, elevated LV end-diastolic pressures (LVEDP) (20) , and eccentric hypertrophy, due to a proportional increase in myocyte length and diameter (10, 11, 17, 18, 22) , and the increase in myofiber cross-sectional area accounts for 50% of the ventricular volume increase (6) . The remodeling of the extracellular matrix in this model is characterized by an initial activation of matrix metalloproteinases with a reduction of collagen, and later recovery of normal collagen levels (4, 8) . The net effect is no significant change in the collagen matrix and interstitium (24, 30) , except perhaps an increase in collagen cross-linking (12, 13) , which may account for an increase in diastolic stiffness (20) .
During development of heart failure, the LV undergoes dynamic changes in geometry that are regionally and temporally heterogeneous. Early changes during the first 2-3 wk after the shunt creation are characterized by a progressive increase in end-diastolic basal dimensions, whereas apical dimensions are maintained (3) . During this period, LVEDP progressively increases and reaches a plateau of ϳ20 mmHg (20) . Late changes (6 -9 wk) include progressive increases in both basal and apical dimensions (3), but no change in elevated LVEDP (20) . The structural basis of these geometric alterations of the LV during development of heart failure is not well understood.
We hypothesized that these geometric alterations in heart failure may be accounted for by regionally selective remodeling of myocardial sheets (15, 26) . Specifically, the early changes of LV geometry may be associated with selective remodeling of the sheet structure at the base because early changes are also known to accompany considerable tissue growth orthogonal to the myofiber direction (22) . In addition, a progressive increase in the basal dimensions may be related to greater sheet remodeling at the base than the apex. To test these hypotheses, we determined myocardial threedimensional (3-D) finite deformation at apical and basal sites in the LV anterior wall of dog hearts in vivo during development of volume overload hypertrophy induced by an aortocaval shunt. Transmural myocardial strains at end diastole were measured at a failing state referred to control to describe remodeling in myofiber and sheet structures over the course of chronic volume overload. This allowed us to study geometric changes at the level of myofibers and sheet structures and their significance in geometric remodeling of the failing heart.
MATERIALS AND METHODS
All animal studies were performed according to the National Institutes of Health guidelines for the care and use of laboratory animals in research. All protocols were approved by the Animal Subjects Committee of the University of California, San Diego, which is accredited by the American Association for Accreditation of Laboratory Animal Care.
Experimental protocol overview. Six adult mongrel dogs were instrumented with radiopaque beads under sterile conditions, and after 7-10 days of recovery, a control imaging study was performed. Volume-overload hypertrophy was then induced with the use of an aortocaval shunt, and bead imaging studies were repeated every week thereafter.
The dogs (21-25 kg) were anesthetized with intravenous thiopental (8 -10 mg/kg), intubated, and mechanically ventilated with isoflurane (0.5-2.5%), nitrous oxide (3 l/min), and medical oxygen (3 l/min) to maintain a surgical plane of anesthesia. Under sterile conditions, the heart was exposed through a left thoracotomy at the fourth intercostal space. The surface ECG was recorded throughout the surgery. To provide end points for a LV long axis, 2-mm-diameter gold beads were sutured to the apical dimple (apex bead, Fig. 1A ) and on the epicardium at the bifurcation of the left anterior descending and left circumflex coronary arteries (base bead, Fig. 1A ). Apex-base length was defined as the distance between the apex and the base beads. To measure 3-D myocardial deformation in each heart, two transmural marker arrays or "bead sets" were placed as described previously (1, 29) , approximately one-fourth (basal site) and three-fourth (apical site) of the distance from base to apex measured along the LV long axis within the LV anterior free wall (Fig. 1A) . Each bead set consisted of three transmural columns of four to six 0.8-mm-diameter gold beads and a 1.7-mm-diameter surface gold bead above each column. The local epicardial tangent plane defined by the three epicardial surface beads and the LV long axis were used to define a local cardiac coordinate system aligned with the circumferential, longitudinal and radial axes of the LV wall (21) . To measure LV diameter in the short axis, two intramyocardial markers were implanted at the level of the basal bead set in the septum and the LV lateral wall (m 1 and m2, Fig. 1A ). Basal diameter was defined as the distance between m1 and m2. Through a stab wound in the apex, a precalibrated micromanometer (model P6, Konigsberg Instruments; Pasadena, CA) was inserted to monitor LV pressure. A 9-Fr silicone catheter (IntiSilf, Access Technologies; Skokie, IL) was inserted into the left atrium to monitor left atrial pressure, which was used in every imaging study to correct for baseline drifting of the LV micromanometer. The chest was closed, and the animals were allowed to recover for 7-10 days.
Control imaging studies were then performed for each animal. Under sedation with intravenous administration of propofol (5.5-7.0 mg/kg), the dogs were suspended in a sling in a biplane X-ray system (16) . The animals were positioned so that all beads were separately visible in both anteroposterior and lateral views of the X-ray system. Synchronous biplane cineradiographic images (125 frames/s) of the bead markers were digitally acquired, as described previously (1) . Cineradiographic data were obtained for at least one full respiratory cycle, and data used in the analysis were taken near end expiration to minimize the effects from respiratory variation.
After the control study, an aortocaval shunt was created. Through an abdominal incision, the aorta and inferior vena cava were exposed below the renal arteries, and a 1.0 -1.2 cm side-to-side anastomosis was constructed (22, 28) under general anesthesia described above. The abdomen was closed, and intravenous fluid and antibiotics were administered as needed. Patency of the shunt was evidenced by an audible murmur throughout the study.
After the shunt creation, imaging studies described above were repeated every week to assess remodeling of cardiac tissue in a working, functional heart. The dogs were followed for 9 Ϯ 2 wk after construction of the shunt (see RESULTS). By 2 wk of volume overload, the heart rate increased and the mean left atrial pressure was usually elevated to at least 15 mmHg. After the final imaging study, the animal was intubated, anesthesized, and mechanically ventilated as described above. To fix each heart in end-diastolic configuration in a controlled manner at a known LVEDP, a median sternotomy was performed to expose the heart, and another imaging study was conducted at the end expiration with LVEDP adjusted by phlebotomy to match the LVEDP in the control study. The animal was then euthanized with pentobarbital sodium following median sternotomy, and the heart was perfusion fixed with 2.5% buffered glutaraldehyde at the LVEDP in the control study Fig. 1 . A: schematic representation of the heart. LV, left ventricle; RV, right ventricle; X1, circumferential axis; X2, longitudinal axis; X3, radial axis; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; and m1, m2: intramyocardial markers implanted at the level of the basal bead set in the LV lateral wall (m1) and the septum (m2). B: schematic representation of local fiber-sheet axes. Xf, fiber axis; Xs, sheet axis; and Xn, axis oriented normal to the sheet plane. The Xf, Xs, and Xn axes present a Cartesian system. (31) . Because the heart was fixed at the same LVEDP, fiber, and sheet angles in the fixed hearts were assumed to represent the fiber-sheet structure in the end-diastolic reference configuration of the final study in vivo matched to the LVEDP of the control study (1, 2, 7, 27) .
Histology. To avoid the distortional effects of dehydration and embedding, histological measurements were obtained using freshly fixed heart tissue (1, 2, 7, 27) . In the transmural block of tissue within the implanted bead set, the mean fiber (␣) and sheet angles (␤) were determined from epicardium to endocardium at every 1-mm-thick section sliced parallel to the epicardial tangent plane, as described previously (1) . Briefly, A transmural rectangular block of tissue in the implanted bead set was carefully removed from the ventricular wall, with the edges of the block cut parallel to the local circumferential, longitudinal, and radial axes of the LV as determined from the same epicardial markers used for the strain analysis. The transmural thickness of the block was measured, and the block was sliced into 1-mm-thick sections parallel to the epicardial tangent plane, forming a series from the epicardium to the endocardium to measure ␣ across the LV wall. ␣ was determined under a dissection microscope with reference to the positive circumferential axis. ␣ was calculated at each transmural depth as described previously (7). Each 1-mm-slice tissue was then embedded with Tissue-Tek OCT compound (Sakura Finetek; Torrance, CA) and quickly frozen in a 2-methybutane bath cooled with dry ice. Multiple serial thin sections (5 m) perpendicular to the mean fiber direction were made from each slice tissue, transferred to a glass slide, and allowed to desiccate for 10 min. Digital images of the tissue section were acquired at low-power magnification (ϫ20), using a digital camera (Coolpix 990, Nikon; Melville, NY) mounted on a light microscope (Optiphot-2, Nikon). The images were transferred to a Windows-based computer with image processing software (Image J version 1.30 g, NIH). Myocardial laminae, or sheets, were directly visible with no further enhancement of the digital montage. ␤ was measured with reference to the positive radial axis, as reported previously (7) . Angle measurements were made for all visible cleavage planes in 3-9 sections to achieve 100ϳ300 measurements per slice tissue, and ␤ was calculated in each 1-mm slice tissue. This process was repeated from the epicardial slice to the endocardial slice to yield transmural distribution of mean sheet angles.
Finite strain analysis. The digital images obtained from the X-ray image intensifiers were spherically corrected to reconstruct the 3-D coordinates of the gold bead markers in each frame (1) . Continuous, nonhomogeneous transmural distributions of 3-D finite strains were computed as described previously (1) . Six independent finite strains [circumferential (E 11), longitudinal (E22), and radial (E33) strains, circumferential-longitudinal shear (E12), longitudinal-radial shear (E23), and circumferential-radial sheer (E13)] were computed in the local cardiac coordinate system of circumferential, longitudinal, and radial axes (X 1, X2, X3), which were subsequently used to compute another set of six finite strains [fiber strain (Eff), sheet strain (Ess), strain normal to the sheet plane (Enn), fiber-sheet shear (Efs), sheet shear (Esn), and fiber-normal shear (Efn)] in the local fiber-sheet coordinate system (Xf, Xs, Xn) through an orthogonal transformation to convert the strain tensor using the values of ␣ and ␤ at each depth (7). The local fiber-sheet coordinate system defines the myofiber axis (X f), the sheet axis (Xs) that lies within the sheet plane and is perpendicular to Xf, and the orthogonal Xn axis oriented normal to the sheet plane. In layers where two separate sheet populations were present (see RESULTS) , the mode of the dominant sheet population was used to calculate sheet strains. The fiber and sheet angles at the control, 2-wk, and final studies were calculated from deformation data with the end-diastolic frame of the respective study as a deformed configuration and the end-diastolic frame of the final study with matched LVEDP as the reference state, using the formula described previously (27) . In each set of finite strains, three normal strain components reflect myocardial stretch or shortening along each axis, and three shear strains represent angle changes between pairs of the initially orthogonal coordinate axes. Examples of fiber-sheet remodeling strains in a simple ventricular wall model with radial laminae are schematically shown in Fig. 2 (7, 27) . Remodeling strains were calculated with the end diastole of the control study as the reference configuration and the end diastole of the 2-wk and final studies as the deformed state. Remodeling strains describe myocardial deformation over time with respect to an undeformed reference configuration at the time of the control study (19, 27) .
End diastole was defined at the time of the peak of the ECG R-wave. Remodeling strains were calculated at every 10% depth from the epicardial surface to the deepest bead in every study. Because previous studies have shown that myofiber and cross-fiber remodeling strains in chronic volume overload are transmurally uniform (22) , remodeling strains are presented at transmural averages (10% to 90% wall depth).
Statistical analysis. Values are means Ϯ SE unless otherwise specified. A paired t-test was used to compare hemodynamic parameters and remodeling strains. Two-factor repeated-measures ANOVA was used for the transmural distributions of the fiber and sheet orientation, with respect to the effects of volume overload hypertrophy and wall depth. Statistics were performed using SigmaStat 3.0 (SPSS; Chicago, IL). Statistical significance was accepted at P Ͻ 0.05.
RESULTS
To compare early and late changes in ventricular geometry associated with chronic volume overload, remodeling data were presented at 2 wk after creation of the shunt and at the final study. By the time of the final study, all dogs (n ϭ 6) developed clinical signs of heart failure, including ascites, edema of extremities, pulmonary congestion, elevated LVEDP, and increased LV volume estimated from the apex-base length and basal diameter.
Hemodynamic and geometric parameters. Hemodynamic parameters are summarized in Table 1 . The apical and basal measurement sites were located 68 Ϯ 4% and 24 Ϯ 2%, respectively, of the distance from base to apex along the LV long axis, in a region of the anterior LV free wall 1ϳ2 cm septal of the anterolateral papillary muscle. Mean wall thickness at both measurement sites was 11 Ϯ 1 mm, and the deepest bead at the apical and basal sites was located at 97 Ϯ 3 and 92 Ϯ 5% wall depth from the epicardial surface, respectively. The dogs were followed for 9 Ϯ 2 wk after construction of the aortocaval shunt, and over this period of time there was no significant increase in body weight [22. 3 Ϯ 0.6 vs. 22.5 Ϯ 0.8 kg, P ϭ not significant (NS)]. However, volume changes calculated within the bead sets indicated a 21 and 24% increase in the myocardial tissue volume at the apical and basal sites, respectively. At the final study, heart weight was 280 Ϯ 31 g, LV weight was 171 Ϯ 18 g, and the ratio of LV weight (g) to body weight (kg) (LV/BW) was 7.7 Ϯ 0.9 g/kg, which is substantially greater than the normal canine LV/BW ratio (4.6 Ϯ 0.7 g/kg; n ϭ 38) measured previously in our laboratory (22) .
Transmural fiber and sheet angles. The fiber and sheet angles at the time of the control study and the final study are shown in Fig. 3 . The fiber and sheet angles at the control study were calculated from the deformation data and the fiber and sheet angles at the final study, as described above. Both fiber and sheet angles changed from the control to the final study, but the neither change was statistically significant (P ϭ NS). The change in fiber angles from the control to the final study was very small (Ͻ2°), whereas the change in sheet angles was Ϫ5.1 Ϯ 2.8°and Ϫ10.1 Ϯ 4.2°at apical and basal sites, respectively (transmural average, 0 -90% wall depth).
Although the fiber angles were almost linear across the wall in both the apical and basal sites, regional variations were noted. The mean fiber angles in the apical site ranged transmurally from Ϫ40°to ϩ90°with the circumferential fiber direction at 30ϳ40% wall depth, whereas the basal site showed transmural fiber angles ranging from Ϫ60°to ϩ10°with the circumferential fiber direction at 70ϳ80% wall depth in the basal site. The sheet angles were heterogeneous both regionally and transmurally. In the apical site, the mean sheet angles were predominantly negative with relatively smaller variations across the wall (Ϫ40°ϳ Ϫ20°). In the basal site, however, the mean sheet angles were negative in the outer-third wall, abruptly became positive in the mid-third wall and returned to negative in the inner third wall (Fig. 3) . In transition between negative and positive sheet angles, two separate sheet populations usually coexisted (1), but one population was always more dominant than the other. Therefore, the mode of the dominant sheet population was assumed to represent the sheet angle in respective layers and was used to calculate sheetremodeling strains.
Remodeling of fiber and sheet structures. Myofiber and sheet structures showed temporally and regionally heterogeneous remodeling over time. Fiber remodeling strain (E ff ) at the apical site was not different from control at 2 wk (0.055 Ϯ 0.036, P ϭ NS), but substantial myofiber elongation was observed at the final study (0.151 Ϯ 0.041, P Ͻ 0.05) (Fig. 4) . In contrast, E ff at the basal site indicated progressive myofiber elongation throughout the study period (0.099 Ϯ 0.030 at 2 wk and 0.114 Ϯ 0.053 at final, both P Ͻ Therefore, the sheet angle is negative in this diagram (␤ Ͻ 0). Positive Eff, Esn, and Ess represent fiber elongation, sheet shear, and sheet extension, respectively. Because the sheet angle is negative (␤ Ͻ 0), a positive sheet shear (Esn Ͼ 0) is associated with reduction in radial remodeling strain or wall thinning (E33 Ͻ 0). Sheet extension (Ess Ͼ 0) may be accounted for by myofiber rearrangement within the sheet plane, or interdigitation, in addition to an increase in myocyte diameter (7) , and is associated with increase in radial remodeling strain, or wall thickening (E33 Ͼ 0). Endo, endocardium; epi, epicardium. Values are means Ϯ SE; n ϭ 6 dogs. LVEDP, left ventricular (LV) end-diastolic pressure; LVPmax, maximum LV pressure; dP/dtmax and dP/dtmin, peak positive and negative developed pressure over time, respectively; apexbase length, the distance between the apex and the base beads; basal diameter, the distance between the two intramyocardial markers, m1 and m2. *P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. 2 wk. 0.05). A similar pattern was observed in E 11 , which implies that an increase in myofiber length is translated to circumferential stretch and hence an increase in cross-sectional diameter of the LV. Although E 22 increased in both basal and apical sites, neither increase was statistically significant (P ϭ NS). E ss did not show significant remodeling at 2 wk in either the basal (0.053 Ϯ 0.069, P ϭ NS) or the apical sites (0.081 Ϯ 0.036, P ϭ NS), but substantially increased in both sites by the final study (0.232 Ϯ 0.095 and 0.151 Ϯ 0.055, respectively; both P Ͻ 0.05). E sn at the basal site increased progressively toward the final study (0.040 Ϯ 0.003 at 2 wk and 0.054 Ϯ 0.021 at final, both P Ͻ 0.05). E sn at the apical site slightly decreased at 2 wk (Ϫ0.002 Ϯ 0.010), and increased by the final study (0.009 Ϯ 0.013), but both changes were not statistically significant (P ϭ NS). Radial E 33 , or wall thickening, was not apparent at 2 wk in Fig. 4 . Time-dependent remodeling of myofiber and sheet structures. Values are means Ϯ SE (n ϭ 6). E11, circumferential strain; E22, longitudinal strain; and E33, radial strain. *P Ͻ 0.05 vs. 0; ϩP Ͻ 0.05 vs. apex. Fig. 3 . Transmural fiber and sheet angles. Values are means Ϯ SE (n ϭ 6). Fiber angles were transmurally linear in both apex and base sites, however, regionally variable. Sheet angles were transmurally and regionally variable in both sites. Neither fiber nor sheet angles significantly changed from the control to the final study (P ϭ NS).
either apex (0.021 Ϯ 0.014; P ϭ NS) or base (0.036 Ϯ 0.033; P ϭ NS), and significantly increased only in base at the final study (0.181 Ϯ 0.047; P Ͻ 0.05) but not in apex (0.028 Ϯ 0.031; P ϭ NS). Both E sn and E 33 at the basal site were significantly greater than those of the apical sites at the final study (P Ͻ 0.05).
These remodeling changes in fiber and sheet structures at the final study are schematically shown in Fig. 5 to visually illustrate the important relationship between the initial sheet angle and the direction of the remodeling. At the apical site, because the initial sheet angle was predominantly negative (␤ Ͻ 0, Fig. 3 ), a positive remodeling sheet shear (E sn Ͼ 0) is associated with a decrease in E 33 , or wall thinning (Fig. 5) . However, a significant remodeling sheet extension (E ss Ͼ 0) occurs at the same time, which is associated with an increase in E 33 , or wall thickening. The net effect is no significant change in E 33 or wall thickness (E 33 ϳ 0). At the basal site, in contrast, the initial sheet angle is predominantly positive (␤ Ͼ 0, Fig. 3) , therefore a positive remodeling sheet shear (E sn Ͼ 0) is associated with wall thickening (E 33 Ͼ 0). Because remodeling sheet extension is also associated with increase in E 33 , the net effect is significant increase in wall thickness (E 33 Ͼ 0, Fig. 4 ). There was no significant remodeling in E nn , E fs , or E fn over time (all P ϭ NS). Ͼ 0) , or wall thickening. The net effect is no change in wall thickness (E33 ϳ 0). Base: initial sheet angle is predominantly positive (␤ Ͼ 0); therefore, a positive sheet shear (Esn Ͼ 0) is associated with increase in radial strain (E33 Ͼ 0), or wall thickening. Because sheet extension is also associated with increase in radial strain, the net effect is significant increase in wall thickness (E33 Ͼ 0). Fig. 6 . Time-dependent changes in LV geometry in chronic volume overload. A: normal LV geometry is ellipsoidal. B: during the early period (2-3 wk) of chronic volume overload, LV geometry becomes conoidal due to increases in basal dimensions. C: LV geometry in the late period (6 -9 wk) becomes spherical due to increases in both apical and basal dimensions.
DISCUSSION
The present study was designed to address the role of myofiber and sheet structures in the abnormal ventricular geometry during development of heart failure due to chronic volume overload. Our results indicate regionally heterogeneous remodeling of the ventricular wall. The key experimental findings are a marked regional variation in fiber elongation at an early phase, and in wall thickening after many weeks of volume overload (Figs. 3 and 4) . The early differences in fiber elongation seem most likely due to a regional gradient in diastolic wall stress, whereas the late differences in wall thickness are most likely related to regional differences in the radially oriented laminar architecture.
Regional remodeling and diastolic wall stress. Although the stimulus for chronic volume overload hypertrophy, including changes in diastolic and systolic stress or strain, appears to be transmurally constant (22) , the rate of LV dilation is regionally variable. Our result that the increases in myofiber and circumferential length occurred earlier at the basal site than the apical site (Fig. 4) supports the finding by Badke and Covell (3) that LV dimension increases earlier in the basal than apical site in chronic volume overload (3), implying that the LV assumes a conoidal geometry in transition from an ellipsoidal geometry of a normal heart to a spherical geometry of a failing heart (Fig.  6 ). In addition to myofiber elongation, sheet shear remodeling was also significantly greater at the base than the apex (Fig. 4) . These findings indicate that the basal site is subject to a greater stimulus of remodeling over time than the apical site, and a potential source of such a regionally differential stimulus is the ventricular wall stress. The base has the greater cross-sectional radius of curvature, and therefore, the higher wall stress than the apex (Laplace's law). Therefore, it could be speculated that the diastolic wall stress of the respective region is one of the primary determinants of regional ventricular remodeling at the level of myofiber and sheet structures (Fig. 6) . However, the present study does not provide data to support the speculation, and further study is required.
Regional remodeling and laminar architecture. Although the laminar architecture of the myocardium has been recognized for more than 60 yr (9), Spotnitz et al. (25) were the first to point out that it undergoes dynamic structural changes in response to acute changes in ventricular volume. Our results suggest that the laminar architecture also experiences a marked structural remodeling in chronic volume load; however, the response to volume load in acute and chronic settings appears to be distinctively different. Acute volume loading progressively increases the magnitude of end-diastolic sheet angles, making the sheets more oblique to the radial direction (Fig. 7,  A and B) (27) . Whether the initial sheet angle is positive (␤ Ͼ 0) or negative (␤ Ͻ 0), sheet shear occurs in the direction of wall thinning (E 33 Ͻ 0). Sheet shear is positive (E sn Ͼ 0) when the initial sheet angle is negative (␤ Ͻ 0) (Fig. 7A) , whereas sheet shear is negative (E sn Ͻ0) when the initial sheet angle is positive (␤ Ͼ 0) (Fig. 7B) . In the present study, we found that chronic volume loading induced positive sheet shear remodeling (E sn Ͼ 0) regardless of the initial sheet angle, and this is consistent with the transmurally uniform decrease in sheet angles over the study period at both measurement sites (Fig. 3) . When the initial sheet angle is negative (␤ Ͻ 0), a positive sheet shear occurs in the direction to decrease wall thickness (E 33 Ͻ 0) (Fig. 7A) . Conversely, when the initial sheet angle is positive (␤ Ͼ 0), a positive sheet shear occurs in the direction to increase wall thickness (E 33 Ͼ 0) (Fig. 7B) . Therefore, the initial sheet angle appears to determine the direction of radial remodeling, which suggests that the temporal progression of ventricular remodeling may be anatomically designed at the sheet level (Fig. 8) . A myocardial wall with a positive initial sheet angle thickens first and then thins, whereas a region with a negative initial sheet angle simply thins over time. A positive sheet angle may provide a reserve to enable temporary adaptive hypertrophy. Over time, the myocardial wall of any parts will eventually thin, resulting in a phenotype of dilated cardiomyopathy. It would be interesting to speculate that all sheet angles will eventually become negative and radially oblique in endstage heart failure. At that point, due to a large obliquity of the sheet angle to the radial axis, sheet extension cannot provide an effective contribution to systolic wall thickening.
Limitations. The major limitation of the present study is that we measured the fiber and sheet angles at only one configuration in each animal in the fixed heart and calculated angle changes based on deformation data. Although the equations transforming strains from cardiac to fiber and sheet coordinates are exact (27) , errors in measurement of strains (the spatial resolution of the biplane X-ray system is ϳ0.02 mm) or transposing the anatomic reference system from microscopic measurements to the cardiac coordinate system in vivo may have been a source of variation. In addition, we assumed a structural model for the myocardium that is based on the average fiber angle and the mode of the dominant sheet population, and we did not take into account the dispersion of both fiber and sheet direction at each site. Our data describe remodeling of myofibers and sheet structures at the two sites in the LV anterior wall in 10 -90% wall depth. Regional variations should be taken into consideration when these results are extrapolated to other regions of the LV, such as the lateral posterior wall and the septum.
In conclusion, we demonstrate that the remodeling of the transmural architecture is regionally heterogeneous in chronic volume overload. The more pronounced remodeling in the basal than apical regions suggests that one of the primary stimuli for the remodeling is diastolic wall stress. The initial sheet angle determines the direction of radial remodeling. These results suggest that the temporal progression of ventricular remodeling may be anatomically designed at the regional laminar architecture.
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